R-spondins (RSPOs) enhance Wnt signaling, affect stem cell behavior, bind to leucine-rich repeat-containing G-proteincoupled receptors 4-6, (LGR4-6) and the transmembrane E3 ubiquitin ligases RING finger 43/zinc and RING finger 3 (RNF43/ZNRF3). The structure of RSPO1 bound to both LGR5 and RNF43 ectodomains confirms their physical linkage. RSPO1 is sandwiched by LGR5 and RNF43, with its rod module of the cysteine-rich domain (CRD) contacting LGR5 and a hairpin inserted into RNF43. LGR5 does not contact RNF43 but increases the affinity of RSPO1 to RNF43, supporting LGR5 as an engagement receptor and RNF43 as an effector receptor. Disease mutations map to the RSPO1-RNF43 interface, which promises therapeutic targeting.
Wnt signaling plays crucial roles in development across species. Underlying its evolutionary significance is the large repertoire and dynamic assembly of receptors, coreceptors, agonists, and antagonists involved in Wnt signaling regulation (Clevers and Nusse 2012; Niehrs 2012) . The core apparatus comprises the serpentine transmembrane receptor Frizzled (Fz), the coreceptor LRP6 in the case of canonical Wnt/b-catenin pathways, and other receptors such as Syndecan and ROR for noncanonical pathways (Wnt/PCP, for instance). Recent revelation of the core WntFz complex structure resolved long-standing questions on the molecular basis of Wnt-Fz recognition (Janda et al. 2012) . Beyond Wnt-Fz, much remains unknown about how other regulators assemble to modulate Wnt pathways.
The secreted glycoproteins R-spondins 1-4 (RSPO1-4) were discovered as potent activators of Wnt signaling (Kamata et al. 2004; Kazanskaya et al. 2004; de Lau et al. 2012; Cruciat and Niehrs 2013) . Their enigmatic nature is highlighted by their Wnt-dependent synergistic effects, their presence only in vertebrates plus selected invertebrates, and their low sequence homology with other Wnt signaling molecules (de Lau et al. 2012; Cruciat and Niehrs 2013) . RSPOs consist of an N-terminal Cys-rich furin-like domain (CRD) necessary and sufficient for activities (Kazanskaya et al. 2004; Glinka et al. 2011 ), a thrombospondin (TSP) type I repeat domain for heparan sulfate proteoglycan binding (Ohkawara et al. 2011) , and a C-terminal basic region of variable lengths. Underlying the critical role of the CRD in signaling, RSPO1 mutations in this region lead to XX sex reversal and skin abnormalities (palmoplantar keratosis) (Parma et al. 2006) , and RSPO4 mutations result in developmental defect in fingernails and toenails (anonychia) (Blaydon et al. 2006) . The identities of RSPO receptors had been controversial. It was originally suggested that RSPOs bind to Fz or LRP6 (Wei et al. 2007; Ohkawara et al. 2011) ; in another study, RSPOs were reported to antagonize the Wnt inhibitor Kremen. None of the results from these studies were confirmed, however (Binnerts et al. 2007) .
Most recently, several independent studies identified LGR4-6 (leucine-rich repeat [LRR]-containing G-proteincoupled receptors [GPCRs] 4-6) as receptors for RSPO1-4 (Carmon et al. 2011; de Lau et al. 2011; Glinka et al. 2011; Ruffner et al. 2012 ).
LGR4-6 mark adult stem cell compartments in several organ systems and are necessary for proper kidney, mammary, and intestinal development (Barker and Clevers 2010; Snippert et al. 2010; Barker et al. 2012; Huch et al. 2013 ).
LGR4-6 are closely related to GPCRs for glycoprotein hormones FSH (LGR1 as the receptor), LH (LGR2), TSH (LGR3), and relaxins (LGR7 and LGR8) (Hsu et al. 2000; Kong et al. 2010 ), all of which share a similar architecture: a large N-terminal extracellular LRR domain for ligand binding, a seven-helix transmembrane domain, and a short cytosolic region. Intriguingly, unlike the hormone receptors, LGR4-6 are not known to use G proteins for signaling, provoking an intriguing question about their role as RSPO receptors.
LGR5-RSPO1 has been reported to form a ternary complex with the transmembrane RING-type E3 ubiquitin ligase ZNRF3 (zinc and RING finger 3) or RNF43 (RING finger 43) (Hao et al. 2012; Koo et al. 2012) . This finding suggested a mechanism by which RSPO1 potentiates Wnt signaling. Being a Wnt target gene, ZNRF3/RNF43 balances Wnt signaling by providing a steady-state membrane clearance of the Fz-LRP complex (Hao et al. 2012; Koo et al. 2012) . Through interacting with and inducing endocytosis of ZNRF3/RNF43, RSPO1 inhibits ZNRF3/RNF43 activities and henceforth stabilizes the surface level of Fz-LRP for canonical and noncanonical Wnt signaling (Hao et al. 2012) . Importantly, the RSPO1-mediated ZNRF3 membrane clearance is LGR-dependent, which is supported by biochemical data that the three proteins could form a physical complex (Hao et al. 2012) .
To clarify the structural roles of RSPOs, LGRs, and ZNRF3/RNF43 in Wnt signaling, we determined the crystal structure of the human ternary LGR5-RSPO1-RNF43 complex at 2.5 Å resolution. Our results reveal the RSPO CRD fold, provide direct evidence that RSPOs physically tether LGR4-6 and ZNRF3/RNF43 coreceptors, and provide insights into the roles of LGR4-6 and ZNRF3/RNF43 in the signaling complex assembly.
Results and Discussion

Assembly of the ternary complex
The LGR5 ectodomain (ECD), RNF43 protease-associated (PA) domain, and RSPO1 CRD were used for the structural studies (Fig. 1A) . Because LGR5 aggregates easily by itself, it was coexpressed with RSPO1 in HEK293S cells (Materials and Methods; Supplemental Material), and affinity-purified RSPO1-LGR5 was mixed with RNF43 to reconstitute the ternary complex. The structure was determined by single isomorphous replacement with anomalous scattering (SIRAS) (Supplemental Table 1 ). Consistent with previous findings, the structure confirms the physical linkage between the three proteins (Hao et al. 2012) , with RSPO1 CRD sandwiched between two coreceptors (Fig. 1B) . RNF43 and LGR5 C termini point in the same direction, leading to the cell membrane, suggesting that the observed structural assembly mimics the biologically relevant complex.
Overall, the position of RSPO1 recognition by LGR5 is reminiscent of the position of FSH recognition by FSHR at the N-terminal LRR region (Supplemental Fig. 1 ), despite the fact that RSPO1 and FSH are of different folds. FSHR uses its additional C-terminal hinge domain (discussed below) to clamp FSH in place (Jiang et al. 2012) . In LGR5, however, the C-terminal region does not form direct contact with either RSPO1 or RNF43; instead, the RNF43 PA domain binds to the other side of RSPO1, clamping the ligand in an analogous fashion.
Interestingly, each asymmetric unit reveals two copies of LGR5-RSPO1-RNF43 heterotrimers arranged around a twofold axis (Supplemental Fig. 2 ). The 2:2:2 complex is mediated between LGR5-LGR5 and LGR5-RNF43 interactions that involve the sides of the LRR solenoids, forming a back-to-back dimer resembling the TLR4-MD2 structure ). Our gel filtration data, however, show primarily a 1:1:1 assembly ratio of LGR5, RSPO1, and RNF43, at least within the range of protein concentrations in our experiments. Due to uncertainties regarding the physiological relevance of the 2:2:2 complex, the following discussion focuses on the single LGR5-RSPO1-RNF43 complex.
Divergence of the LGR5 scaffold from glycoprotein hormone receptors
Conforming to the general architecture of LRR domains (Bella et al. 2008) , LGR5 contains an LRR N-terminal domain that caps the most N-terminal LRR, followed by 17 LRRs that form a sleigh-like solenoid. Due to the large size of the LGR5 ECD, the entire solenoid adopts a slightly right-handed twist around LRR11 and LRR12. The large number of LRRs in LGR5 ECD encircles almost half a circle with a diameter of ;80 Å , forming an arch that engulfs the entire vertical length of RSPO1 and RNF43 (;50 Å ) under its concave face. Structure-based sequence alignment suggests that the 17 LRRs should be conserved from LGR4 to LGR6 and thus establishes the structural basis of functional equivalence between LGR4, LGR5, and LGR6.
The most C-terminal region of the LGR4-6 ECD contains a conserved hinge motif that differs from the one for glycoprotein hormone receptors (Hsu et al. 2000) . For LGR4-6, this region consists of a helix with sequence PYAYQCC (residue 475-481) that caps the most C-terminal LRRs and is connected to another conserved sequence, GXFKPCE (residue 552-558), by a large flexible hinge loop whose electron density is lacking in our structure (residue 483-537). In FSHR, this so-called hinge loop is similarly present. Notably, a sulfur-modified Tyr (sTyr) on this loop serves as the secondary binding site for FSH (Supplemental Fig. 1 ). For LGR4-6, the absence of this critical sTyr, the lack of sequence conservation in the hinge loop residues, and the flexibility of the LRR C-terminal domain/hinge domain in the crystal structure altogether suggest that the membrane-proximal region is unlikely to interact with RNF43 or RSPO1 and diverges from the LGR1-3 hormone recognition mode. The difference in the hinge domain recognition step among LGR members rationalizes and potentially translates into the differential cytosolic signaling. Whereas the LGR1-3 hinge loop, upon hormone binding, is proposed to induce conformational changes in the transmembrane region and consequent G-protein coupling, the lack of hinge loop recognition in LGR4-6 may explain why G proteins are dispensable for LGR4-6 signaling (de Lau et al. 2011; Hao et al. 2012; Koo et al. 2012 ).
Architecture of the RSPO1 CRD contains a head and a rod module
The RSPO family appears only in vertebrates and selected invertebrates and does not share sequence similarities with other known Wnt signaling molecules (de Lau et al. 2012; Cruciat and Niehrs 2013) . The RSPO1 N terminus contains a CRD commonly found in secreted proteins and transmembrane receptors. Overall, the structure can be characterized by a head module (from residue C40 to S78) ( Fig. 2A , blue-green) and a rod module (from residue C79 to C142) ( Fig. 2A , cyan) that were nearly perpendicular to one another. A ladder of eight strictly conserved disulfide bridges, numbered from 1-8 from the N terminus to the C terminus, is identified and runs perpendicularly to the long axis of RSPO1. Dali server analysis identified the closest structural homology with CRD domains found in epidermal growth factor receptors (EGFRs; domain IV) and insulin receptors (IRs; domain II); nonetheless, the low Z-score of ;4 suggests that RSPO1 CRD adopts distinguishing features during evolution. Reflecting the conservation of all disulfide bridges in the CRD, missense mutations affecting the fourth and seventh disulfides compromise the secretion of RSPO4 and result in developmental defects of fingernails and toenails (anonychia) (Blaydon et al. 2006; Li et al. 2009; de Lau et al. 2012 ). In addition, RSPO1 homozygous mutation accounts for syndromic true hermaphroditism (Tomaselli et al. 2008) ; the mutation results in splicing variants lacking Ile95, and the register shift likely affects the nearby C79-C94 (disulfide 4) integrity.
Two separate regions form the major LGR5-and RNF43-binding sites: a LGR5-binding rod module and a RNF43-interacting head module ( Fig. 2A) . In the rod module, disulfide bridges 4 and 7 define two signature Cys-knot finger motifs that provide key recognition residues. These two finger motifs are further connected by a twisted linker whose rigidity is established by disulfides 5 and 6 and from which several aromatic residues (e.g., Phe106 and Phe110) emanate to form hydrophobic contact with LGR5. Together, these structural elements outline a shallow curve that embraces the concave face of LGR5. At the N terminus, the head module adopts a different structure than the rod module. A prominent, long b-hairpin protrusion (residue F61-L76) is anchored by the third disulfide to the main body of RSPO1 ( Fig. 2A) . As discussed below, this hairpin protrusion mediates major contact with the RNF43 PA domain.
Conservation of RSPO1:LGR5 interface
Consistent with previous findings, RSPO1 contacts the LGR5 N-terminal LRRs (de Lau et al. 2011) ; specifically, LRR4 to LRR9 cover the entire recognition interface (Fig.  2B) , burying a total surface area of ;2000 Å 2 . The large surface comprises a small patch of hydrophilic and a large region of hydrophobic interactions ( Fig. 2B ; Supplemental Fig. 3 ; Supplemental Table 2); the involvement of a significant amount of hydrophobic interactions explains our observations that both RSPO1 and LGR5 have the tendency to aggregate when not in complex with one another and also the nanomolar affinity reported in literature (Carmon et al. 2011; de Lau et al. 2011; Glinka et al. 2011 ). The identified interface residues are conserved among all four RSPOs and LGR4-6, which explains the promiscuity in binding.
RNF43 PA domain structure
PA domains are commonly found in proteases as well as receptors such as transferrin receptors and plant-sorting receptors (Luo and Hofmann 2001) , potentially function as ligand recognition motifs, and play regulatory roles. Perhaps underlying the critical roles for membrane trafficking in biology, transmembrane E3 ubiquitin ligases are found in various biological systems from plants to animals. For instance, in humans, RNF128, also called GRAIL, downregulates T-cell activity by using its extracellular PA domain to target certain receptors for endocytosis (Lineberry et al. 2008a,b; Whiting et al. 2011) . Indeed, Dali analysis reveals that the RNF43 PA domain shares structural similarities with GRAIL/RNF128 (Z-score = 11.4), suggesting an evolutionarily conserved domain architecture. The RNF43 PA domain consists of seven b strands (forming a twisted b sheet) and three peripheral a helices. Of note, the curved b3 outlines a shallow binding groove to which the RSPO1 b-hairpin protrusion binds (Fig. 3) . Sequence similarity between RNF43 and ZNRF3 suggests that ZNRF3 shares similar structures and explains why the two proteins complement each other in in vivo studies (Koo, et al. 2012 ).
RNF43 interaction with RSPO1
The RSPO1:RNF43 interface is mediated between the RSPO1 b-hairpin protrusion (residue F61-L76) that fits in the shallow binding groove of RNF43. In contrast to the 
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GENES & DEVELOPMENTlargely hydrophobic nature of the RSPO1-LGR5 interface, a network of hydrophilic interactions forms the basis of this recognition and accounts for the micromolar affinity, as measured by isothermal titration calorimetry (ITC) (Fig. 5, below) . Arg66 and Gln71 from the RSPO1 b hairpin coordinate hydrogen bonds/salt bridges with Gln84, His86 (backbone), and Asp97 (side chain) from RNF43 and anchor the hairpin in the shallow binding groove (Fig. 3B,C; Supplemental Fig. 4 ; Supplemental Table 3 ). In addition, Leu64 from the hairpin forms a small region of hydrophobic contact with hydrophobic residues from RNF43 (His86, Leu88, and Tyr89) in a 3 10 helix immediately following the b3 strand. Taken together, the RSPO1 residues L64, R66, and Q71 are conserved across all four members of RSPO (except, in RSPO4, Leu is replaced by Ile) and thus represent a key recognition sequence. Moreover, the loop of the RSPO1 hairpin contains an Asn-Asp-Ile-Arg (residue 67-70) motif, with the Ile69 residue at the tip of the loop inserting into the RNF43 groove lined by bulky residues from RNF43 (e.g., Leu82 and Met83) (Fig. 3B) . The fact that the loop does not fit perfectly into the groove suggests that a larger residue at position 69 could be tolerated. Indeed, in RSPO2 and RSPO3, Ile69 is replaced by the bulkier Met, which would make even more intimate contact with the pocket, in agreement with the degenerate binding of all four RSPOs with RNF43.
Mapping disease mutations onto RSPO1 and RNF43
The structure of the RSPO1:RNF43 interface provides a template for understanding disease mutations. Underlying the critical role of the RSPO1 b-hairpin protrusion in binding RNF43, a Q71R mutation in RSPO4 compromises its biological activities (Li et al. 2009 ). Mechanistically, substitution with Arg at the equivalent position in RSPO1 potentially leads to charge-charge repulsion with the neighboring R66 and induces steric clashes with RNF43 residues in the region (e.g., with Tyr89 side chain from RNF43), thus preventing RSPO b-hairpin interaction with RNF43 (Fig. 4B) . Similarly, R60W in RSPO4, corresponding to R66 in RSPO1, also causes familial diseases (Khan et al. 2012) ; the hydrophilic-to-hydrophobic substitution would interrupt the hydrogen bonding/ salt bridge network with neighboring RNF43 residues Gln84 and D97.
In addition to RSPOs, many cancer mutations are identified in the tumor suppressor RNF43 PA domains (Koo et al. 2012 ; http://cancer.sanger.ac.uk/cosmic-search/s). Some map to the long, curved b3 strand outlining the shallow RSPO1-binding groove (A78T, L82S, M83T, and S85F) (Fig. 4A) , with the bulky S85F mutation probably the most disruptive of the protein core. Hao et al. (2012) pointed out a ZRNF3 P101A mutation that compromises binding with RSPO1. While this residue is not contacting any RSPO1 residues, the mutation likely disrupts the RNF43 loop connecting b3 and b4 held together by many hydrophobic side chains. Interruption of this core contact could cause register shift, resulting in a decreased affinity for RSPO1.
Currently, no mutations map to the RSPO1:LGR5 interface, and very few map onto the LGR5 ECD. The effect of LGR6 S299insGRS insertion (insertion of three amino acids, GRS, in S299) is more difficult to construe (Gong et al. 2012) , as this region is not involved in RSPO1 binding. The insertion is located upstream of LRR11, at the center of the twisted LRR solenoid (Supplemental Fig. 1 ), suggesting that the intact LGR5 ECD curvature might play a role in signaling relay; i.e., forming proteinprotein interactions. Overall, the concentration of the disease mutations on the RSPO:ZRNF3/RNF43 side, instead of the RSPO:LGR side, likely supports that LGR4-6 play a primary role as the engagement receptors and that ZRNF3/ RNF43 play a primary role as the effector receptors, the latter more prone to modulation in signaling and diseases.
Role of LGR5 in RNF43 recruitment
The shallow and hydrophilic interface between RNF43 and RSPO1 could account for the 7-10 mM affinity between the two proteins as measured by ITC (Fig. 5) . The weak interaction is further corroborated with the crystal structure, in which RNF43 and RSPO1 both show rather high B factors, implying thermal motion of polypeptides. Interestingly, when compared with RSPO1 alone, LGR5-RSPO1 displays ;10-fold higher affinity toward RNF43 (;0.5-1 mM), suggesting that addition of LGR5 stabilizes RNF43 in the final complex. Although there is no direct interaction between LGR5 and RNF43, LGR5 binding likely restricts the conformations of the thin structural elements of RSPO1, preparing RSPO1 entropically for more favorable binding toward RNF43; e.g., by reorienting the RSPO1 Gln71 and Arg66 to form hydrogen bonds/salt bridges with the RNF43 residues Gln84, His88, and Asp97. This, again, would be consistent with LGR5 serving as an engagement receptor that promotes the signaling complex assembly. Also in agreement with LGR5-enhanced RNF43 recruitment, previous function studies have shown that, although RSPO1 binds to ZNRF3 in a LGR4-independent manner, RSPO1-induced ZNRF3 membrane clearance is nonetheless LGR4-dependent (Hao et al. 2012) .
Implications of the LGR5-RSPO1-RNF43 complex structure in Wnt signaling
The complexity of the Wnt regulatory system provides a rich resource for uncovering novel principles governing receptor-ligand interactions. Here, we provide the structural insight into RSPO recognition by LGR4-6 and RNF43/ ZNRF3, confirming that LGR4-6 and RNF43 function as RSPO receptors and showing two distinct chemical surfaces for simultaneous RSPO-LGR5 and RSPO-ZNRF3/RNF43 binding. Furthermore, despite the lack of direct interaction between LGR5 and RNF43, LGR5 increases the affinity of RNF43 to RSPO1. Conversely, RNF43 substitutes the hinge region in LGR4-6 as the potential ''effector'' domain for downstream signaling relay. Potentially, the weak interface between RNF43 and RSPO1 should be amenable to molecular competitions. As reported earlier, ZNRF3/RNF43 could be pulled down with Fz/LRP6 (Hao et al. 2012; Koo et al. 2012) , suggesting that the PA domain could employ the same RSPO1-binding groove to engage other macromolecules (i.e., Fz/LRP6). The versatility of the RNF43:RSPO1 interface and the potential pleiotropism of RNF43 suggest potential applications for therapeutic design.
One key feature for RSPO signaling is that RSPOs synergize with not only the canonical Wnt/b-catenin pathway, but also the noncanonical Wnt/PCP pathway. The common mechanistic basis for promoting both pathways has not been clear. To enhance the Wnt5a-mediated Wnt/ PCP pathway in Xenopus embryos, RSPO3 and RSPO4 were shown to bind with high affinity via their TSP domains to the proteoglycan Syndecan 4 receptor (SDC4) (Ohkawara et al. 2011) . Interestingly, LGR4/5 also regulates Wnt/PCP signaling in Xenopus embryos , with recent evidence suggesting that ZNRF3/RNF43 might play a role as well (Hao et al. 2012) . These disparate results point to the possibility that LGR4-6, ZNRF3/RNF43, and SDC4 could coexist in the same complex. Our LGR5-RSPO1-RNF43 model implies that, while the RSPO1 CRD binds to LGR5 and RNF43, the RSPO TSP domain would extend into an open space not occupied by other polypeptides (Fig. 1B) and is thus free to communicate with other molecules; i.e., SDC4. This model would place RSPOs at the organizing center to bring all three coreceptors together. In this regard, whether RSPOs feed into the Wnt/b-catenin or Wnt/PCP pathway would then depend on the presence of SDC4 as well as on specific Wnt/Fz combinations.
In summary, the mechanistic details governing Wnt signaling regulation is only emerging. The LGR5-RSPO1-RNF43 structure represents a step forward in understanding such a complex regulation. The central role of RSPOs in tethering coreceptors strongly suggests that they could be further explored as potential modulators for stem cell biology or regenerative medicine.
Materials and methods
Protein preparation and crystallography
The coding sequences for LGR5, RNF43, and RSPO1 were subcloned into the baculovirus-mediated mammalian cell gene transduction (BacMam) vector pVLAD627 (Dukkipati et al. 2008) . The constructs and the BacVector-3000 baculovirus DNA (EMD Chemicals) were used to cotransfect Sf9 cells to generate viruses. The amplified viruses were used to transduce HEK293S GnTI À cells at a density of 1.5 3 10 6 to 2 3 10 6 cells per milliliter. The recombinant proteins were purified with the Talon affinity resin, glycan-minimized with endoglycosidase F1 (Sigma), and treated with bovine carboxypeptidase A (Sigma) for His tag removal. RNF43 and RSPO1/LGR5 were mixed with appropriate ratios, and the ternary complex was crystalized at the following condition: 10% PEG4000, 0.2 M ammonium sulfate, 7% sucrose, and 0.1 M Tris (pH 8.0). X-ray diffraction data sets were collected at 100 K at the Life Science Collaborative Access Team (LS-CAT) beamline 21-ID-D (The Advanced Photon Source at Argonne National Laboratory). The structure was solved by SIRAS using iodine derivatives. Initial atomic models were built manually using O and COOT. A noncrystallographic twofold symmetry was maintained throughout the refinement process.
Calorimetry
Calorimetric titrations were implemented with a VP-ITC calorimeter (MicroCal) at 30°C. The data were processed with MicroCal Origin 5.0 software.
Detailed experimental procedures are provided in the Supplemental Material.
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